Abstract. Evolution law of heavy oil dimensionless pressure on different points at varied temperature, water content, asphalt content and particle diameter were simulated with boundary element method (BEM). Physical model and mathematical model were established and variable coefficients Darcy's equations were calculated with BEM. The numerical simulation results are as follows: Temperature has very obvious effect on dimensionless pressure for all points in the heavy oil reservoir. Dimensionless pressure decreases with the decrease of particle diameter when the temperature is fixed. Effect of water content on dimensionless pressure is inconspicuous when the water content in heavy oil is less than 10%. Numerical simulation results can provide quantitative theoretical basis for the heavy oil well pattern.
Introduction
Heavy oil seepage is an important problem for exploration drilling in the petroleum industry. Researchers have established many models and experiments about the law of heavy oil seepage all over the world. Liu et al. established a new nonlinear three-dimensional numerical simulation seepage model of low permeability reservoir. The evolution of heavy oil seepage for multistage fractured horizontal well in low permeability reservoirs is simulated by using modified Darcy's equation [1] . The seepage characteristics of water-sealed underground oil storage caverns are analyzed based on Signorini type variational inequality formulation and a calculation software was programmed. The seepage simulation model can be applied to estimate the seepage field and water inflow oil storage caverns during the future operation period [2] . Field synergy in the displacement mechanisms of heavy oil thermal recovery is studied with multi-level analysis method [3] . An artificial fracture numerical model based on proppant arrangement analysis and the basic principles of the pore network were presented in order to save time and money in the experiment. The numerical results indicate that the established model is effective in making predictions on the permeability of proppant [4] . A new variational inequality formulation for unconfined seepage flow through fracture networks is introduced by Jiang et al. The simulated results show that the capability of predicting main seepage pathways in fractured rocks is very important for performance assessments and design optimization [5] . Wang et al developed a fractal model and studied the flow characteristics of power-law fluids in the fractal-like tree network [6] . Georgette et al studied the porous media flows with heterogeneous modeling method. Numerical simulation results show that the hierarchically coupled models accurately account for the heterogeneity of the medium and efficiently incorporate local features into the global response [7] . In summary, most available research methods for porous media flow are based on solving the Darcy's equations in the study of low permeability reservoir [8] [9] .
One of the key problems of heavy oil seepage mentioned above is to calculate pressure of heavy oil in the reservoir. The geometrical shapes of reservoirs are considered regular and boundary pressure is defined as constant in rough study. In fact, the geometrical shapes and boundary conditions in oil reservoir are varied. It is extremely difficult to solve the oil seepage problems with conventional computational methods (such as the finite difference method and the finite element method) for the complexity of boundary shapes and pressures in oil reservoirs. BEM provides possibility to deal with complex boundary shapes and conditions problems for its flexibility [10] [11] . Considering the flexibility and advantage of BEM in handle the complex boundary conditions and shapes problems [12] , we will study the evolution of heavy oil seepage with this method in this paper.
Introduction to BEM and Darcy's Equations
The main task of engineering seepage problem is solving Darcy's equations [13] [14] [15] . We will solve the Darcy's equations with BEM in this paper. Scalar formulas of Darcy's equations under the rectangular coordinate system can be written as ,,
Where 
Where Q is the source in the internal domain Ω. Г denotes the whole boundary of heavy oil reservoirs, Г 1 and Г 2 denote partial boundary and satisfied Г=Г 1 +Г 2 . q is normal derivative. The boundary can be divided into n parts and satisfied Г=Г 1 +Г 2 +Г 3 +…+Г n if the boundary conditions are more complex, q and u on each part are known qualities. The boundary integral equation in Eq. (3) can be obtained by combining weighted residual method and integral method. 
( , , , )
xyare observation points and ( , )
ii xyare point source.
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The internal domain Ω is divided into m units Ω 1 , Ω 2 ,…Ω m and the whole boundary is divided into (n-m) units Г m+1 , Г m+2 , …Г n in this paper. Value of each unit is defined by the node point value. Then the discretization form of boundary integral equation can be written as Eq. (8)
Values on the boundary Г and in the internal domain Ω can be calculated after we get the discretization form of boundary integral equation.
Physical Model
The physical model is given in Fig. 1 . There are four symmetrical production wells O 1 , O 2 , O 3 , O 4 and one water injection well W in a square oil field. The dimensionless length of one side for the square oil field is 6. Discretization schematic diagram on the boundary  and in the domain  is shown in Fig.1 .
Boundaries of oil field, injection well and production wells are divided into 320 elements which denote by triangles. The internal domain  of oil field is divided into 584 elements which denote by circular points. Three analysis points are chosen in Fig.2 in order to thoroughly discuss the evolution of heavy oil seepage in different position. Internal points have been deleted for convenience in Fig.2 . The point A is far away water injection well W and production wells O 1 , O 3 . The point B is on the midpoint between the water injections well W and production well O 1 . The point C is very close to water injection well W.
Numerical Simulation Results and Discussions
Heavy oil seepage is a complex fluid-solid coupling process and so many factors have obvious effect on it [17] . Considering the oil reservoir is homogeneous in this paper, so the permeability coefficients in the x and y direction are same, that is to say, k=k x =k y , the permeability coefficients can be defined by the Eq. (9) [16] . 
Where g is acceleration of gravity, b is fracture width, n is porosity, d is particle diameter of sand, μ is kinematic coefficient of viscosity. Let API=20 in this paper, so  should be expressed as 
Where T is the temperature, f 1 and f w are asphalt content and water content, respectively. q=2.16924-0.02525API-0.68875lgT. Dimensionless pressure of water injection well W is p=1. Temperature is one of the most important factor that affect heavy oil viscosity and seepage in all factors. Therefore, temperature is considered for all results in this paper.
Evolution of dimensionless pressure on point A, B, C at different water content and temperatures are shown in Figs. 3-5 . The common characteristic is that the dimensionless pressures are sensitive to temperature. Dimensionless pressures are almost not affected by water content if water content is less than 10% which is because the viscosity of water is low. As ph al t co nt en t Figure 6 . Evolution of dimensionless pressure with asphalt content and temperature on point A.
The maximum of dimensionless pressures is change dramatically with different position. Variations of dimensionless pressures are about 0.9% and 0.7% in the Fig.3 and Fig.4 respectively, however, variation of dimensionless pressures is about 3.5% in Fig.5 . It is primarily because that the point C near to water injection well W and the interference factors is minor in the flow of heavy oil.
Evolution law of dimensionless pressure with temperature in Figs Porosity and permeability coefficient are affected directly by the particle diameter, therefore, particle diameter has obvious effect on heavy oil seepage. We suppose the soil particles are spherical with different radius in this paper. Evolution of dimensionless pressure with particle diameter and temperature on different points is shown in Figs. 9-11. Dimensionless pressure reach minimum when the particle diameter is smallest and the temperature is lowest. The mainly reason is the pore throats are tiny when the particle diameter is small and viscosity is very high when temperature is low, the heavy oil flow is impeded in this case. Variation of dimensionless pressure in Fig. 11 (about 9%) is greater than that of in Fig. 9 (about 1.8%) and in Fig. 10 (about 1.1%) , which indicate the effect of particle diameter and temperature on dimensionless pressure is more obvious when the analysis point is closer to water injection well. Figure 11 . Evolution of dimensionless pressure with particle diameter and temperature on point C.
Evolution law of dimensionless pressure of heavy oil on three special points is calculated with BEM in this paper. The basic theory of BEM and the variable coefficients Darcy's equations are introduced. Effect of temperature, water content, asphalt content and particle diameter on dimensionless pressure on different points is simulated. Evolutions of dimensionless pressure with different parameters were given. The main conclusions are as follows.
(1) Temperature has evident effect on the dimensionless pressure for all points in the heavy oil reservoir. Dimensionless pressure on the same point decreases with the decrease of temperature which because viscosity and friction loss of heavy oil are higher when temperature is low.
(2) Dimensionless pressure decreases with the decrease of particle diameter which indicates smaller particle diameter because the pore throat get narrower, the narrower pore throat leads to the resistance and friction loss increase.
(3) Effect of water content on dimensionless pressure in heavy oil reservoir is minor when the water content is less than 10%.
